This review article focuses on the mechanism of the non-aqueous fluorolytic sol gel- 
Introduction
Nanomaterials chemistry has become an extremely important area of research over the past 20 years. Although many different nanomaterials have already found industrial applications we are still just at the beginning of a new scientific and industrial revolution driven by the advances in nanomaterials science.
Over the past decades, many new synthesis techniques have been developed that give access to the fascinating world of nanomaterials with different chemical and physical properties. The sol-gel synthesis certainly is one of the most powerful synthesis routes in terms of the wide variety of synthesis approaches and technical applications. For long time, especially the aqueous (hydrolytic) sol-gel synthesis route, mainly forced by the development of silica, was but still is in the focus of thousands of chemists and materials scientists world wide.
However, motivated by new developments like atomic layer deposition, ALD, and others, non-aqueous sol-gel synthesis approaches have been developed recently, thus extending the synthesis access toward nanoscopic new materials. These new non-aqueous sol-gel approaches allow either the synthesis of novel materials, or in many cases, give access to applications which are not possible via hydrolytic sol-gel routes. Thus, it is the intention of this review to provide an overview for a nonaqueous sol gel approach that gives for the first time direct access to novel nanoscaled metal fluorides. The chemical principle of the TFA route mainly developed by Fujihara et al. 10 consists of the reaction of a metal alkoxide or acetate with trifluoroacetic acid in an organic, mainly alcoholic, solvent (cf. eq. 1).
M(OR) n + nCF 3 COOH M(OOCCF 3 ) n + nROH
Due to the electron-withdrawing CF 3 -group, TFA is strongly acidic and substitutes the acetate or alkoxide group from the coordination of the metals. As a result, a metal trifluoroacetate sol may form which can be further processed, e.g. for coating 10 or powder materials. Crystalline metal fluorides are formed by thermal decomposition of the trifluoroacetate sols and gels during calcination at temperatures up to 400°C. At higher temperatures, oxide fluorides and oxides can also be formed as additional phases. 6d In the gas phase various fluorine species, such as (CF 3 CO) 2 
This overall route is shown in Scheme 1 starting from metal alkoxides or acetates which are reacted with trifluoroacetic acid in solution to form a metal trifluoroacetate precursor sol, which can be used for the preparation of thin film coatings or xerogels.
The final step is the thermal decomposition of the fluoroorganic compound to give the corresponding metal fluoride. Thus, substrates to be coated are limited to those materials that are stable under the given reaction conditions. Scheme 1: Thin film and xerogel metal fluoride preparation via metal fluoroacetate sol-gel formation followed by thermal decomposition.
Figure 1, exemplarily illustrates the procedure for sol-gel deposition of a porous MgF 2 film on silicon substrates by the TFA route. 6a The Mg(CF 3 COO) 2 is an oversimplification of the reaction, and therefore, the formation of highly corrosive hydrogen fluoride and other harmful decomposition products has to be taken into account.
The fluorolytic sol-gel synthesis
In the classical sol-gel synthesis, a metal alkoxide dissolved in an organic solvent, e.g. alcohol, is reacted with water thus transforming the metal alkoxide group (M-OR) by hydrolysis into a metal hydroxide group (cf. eq. 3).
In a second consecutive reaction step, M-OH groups formed this way may undergo condensation reactions either with a further M-OH group forming water (eq.4) or with an unconverted M-OR group thus elaborating alcohol (eq.5).
Although these reactions are evidently quite more complex than implied by these simple reactions, the general reaction path is correctly represented. Depending on the metal alkoxides used, the hydrolysis and the condensation reactions very often are incomplete, hence, a thermal post-treatment is necessary in order to convert remaining M-OR groups into M-O-M bridges to obtain the desired metal oxide.
Since the initial reaction step represents a hydrolysis of the metal alkoxide bond, it may be defined as hydrolytic sol-gel synthesis in order to show the similarity but also distinct difference to the fluorolytic sol-gel synthesis that will be reflected in more detail here. As a matter of fact, both the hydrolytic as well as the non-hydrolytic sol-gel synthesis result in the formation of M-X-M (X: O or F) bridges that -when properly performed -results in the formation of nanoscopic particles.
Formally, the fluorolytic sol-gel synthesis involves similar reaction steps as described above for the hydrolytic sol-gel synthesis. Starting from the same metal alkoxide precursors water is just replaced by anhydrous HF to give eq. 6.
M(OR) n + n HF MF n + n ROH
Although eq. (6) resembles closely eq. In recent years, much work has been spent in adapting the fluorilytic sol-gel chemistry also to other metals. 15 In the attempt to get deeper insights regarding the mechanism of the fluorolytic sol-gel synthesis most efforts have been made in case of AlF 3 and MgF 2 formation. Hence, the following sub-chapters will focus on different mechanistic aspects derived from these two metal fluoride systems. Fig. 2 ).
Cyclic trimeric species (2 in Fig. 2 ) with possible distorted AlO 4 polyhedra also exist supported by a strong low-field shifted resonance observed at 85 ppm. 13b, 19 Moreover, there are indications for different trimeric species (4 and 4`) involving central sixfold oxygen-coordinate aluminium, the latter being formed by the interaction of trimeric species 3 ( Fig. 2 ) with a solvent molecule as shown in Fig. 3 .
Figure 3:
Possible equilibria between different trimeric Al(OiPr) 3 species in isopropanolic solution.
Structural changes of isopropanolic Al(OiPr) 3 solutions that result from HF addition were followed by In line with the conclusions drawn from 27 Al and 19 F MAS NMR investigations are insights gained from 1 H and 13 C NMR spectra. As a rule, these 1 H and 13 C NMR spectra of sols and gels showed two main effects with increasing fluorine supply: the portion of bridging isopropoxide groups decreases while the portion of terminal isopropoxide groups is affected only with higher fluorine supply. 16a, 19 Obviously, the fluorination starts by protonation of bridging isopropoxide groups with the consequence of a line broadening of the corresponding signals, while the intensities of signals of terminal groups first remain constant. This first step is also supported by DFT calculations. 
Single crystal structures of aluminium alkoxide fluorides
Because the metal fluorides obtained via the fluorolytic sol-gel synthesis are either highly distorted or even completely X-ray amorphous, diffraction methods are usually less beneficial to gain further information. Especially in case of AlF 3 it is extremely difficult to grow single crystals of intermediate species. This is mainly caused by the fact that a wide variety of oligomeric aluminium isopropoxide fluorides is present as evidenced by mass spectrometric investigations which prevent crystallisation. Reproduced from 26 with permission of the Royal Society of Chemistry.
The possible reaction mechanism
Considering all these experimental findings derived from comprehensive MAS NMR and single crystal structure determination, DFT calculations were performed to show a possible mechanism of the fluorolytic sol-gel synthesis of AlF 3 . In order to reduce the degree of complexity, isopropoxide groups were replaced by methoxide which can be expected to show similar reactivity and thus being representative also for the reaction of HF with Al(OiPr) 3 Thus, in the first reaction step a HF-complex is assumed to approach the tetrameric Al 4 (OiPr) 12 units which might result in the coordination of fluoride ions via hydrogen bonds (Fig. 7a) . Simultaneously, the proton attacks one of the four bridging O, which are next to F in the complex, followed by bond cleavage of both the O(bridging)-Al(central) and O(bridging)-Al(peripheral) bond. This is the first ring opening of the tetramer. As a consequence, the fluoride ion will be released from the hydrogen bonding and becomes covalently bound to an Al(peripheral). Therein the central Alsite is no longer 6-fold coordinated by O but in a 5-fold or pseudo 6-fold coordination involving the released ROH. The alcohol molecule which is set free remains in the vicinity of Al(central), although no longer covalently bound to but probably solvating the central Al (Fig. 7b ). In the next step, the isopropanol molecule is released from the complex and due to the high electrophilic character of the central aluminium, a fluoride ion is introduced resulting in a sixfold coordinated aluminium. The alcohol molecule moves towards that Al(peripheral), to which the first fluoride is bound, making it pseudo 5-fold coordinated without forming a new ring (Fig. 8) . 
Mechanistic aspects of the sol-gel synthesis of MgF 2
Magnesium fluoride is the second best investigated fluoride system regarding mechanistic aspects. Although in detail different, the reaction resembles in many aspects the synthesis approach as described for AlF 3 . Therefore, structural and topological aspects that were not followed for AlF 3 will be reflected for MgF 2 briefly. at an F/Mg-ratio of 2:1. These data are complemented by 19 F MAS NMR investigations, which prove to be a valuable spin probe to deduce structural changes in the Mg/O/F system as well. 31 At low degrees of fluorination, the dicubane structure The reaction yields crystalline MgF 2 , as seen from the XRD patterns in Figure 11a and 12c. The reflections are very broad indicating particles with a mean crystallite size of below 5 nm. TEM images of sol particles confirm an average size of the primary particles in the range of 3 to 5 nm (Fig. 12c) . Investigations of particles size by dynamic light scattering (DLS) and small angle X-ray scattering (SAXS) give evidence for the formation of rather large agglomerates with a diameter of a few hundred nanometers though. Thus, a direct application of the fresh sols for thin film coatings or for the preparation of inorganic-organic nanocomposite materials is not possible. During ageing, the agglomerates are breaking apart resulting in transparent sols with particles in the lower nm-scale (Fig 12b) . At the same time, re-crystallization processes are observed by X-ray diffraction methods of these sols that are closely connected to the stabilization of the primary particles and deagglomeration. This process goes in line with re-arrangement of the MgF 2 crystallite structure that is observed when measuring the sol at different ageing times by X-ray diffraction (Fig. 11c) . Similarly as for metal oxide nano particles, magnesium fluoride sols can be surface modified and thus stability of small particles can be significantly improved.
Due to the very small particle size and thus strong interparticle interactions, the adsorption of small organic acids, such as carboxylic and phosphonic acids have been thoroughly investigated. Proteins, such as bovine serum albumin (BSA) which are frequently used for particle stabilization in biological media, is limited because of the high volume fraction compared to the MgF 2 particle. It has been found that already small amounts of trifluoroacetic acid or phenylphosphonic acid are beneficial to stabilize magnesium fluoride particles and prevent the sols from agglomeration and gelation. Thus, the surface properties of metal fluoride particles become addressable which opens a new field of application and allows for the preparation of organic-inorganic composite materials. 
Particles and porous materials in heterogeneous catalysis
By On treatment of CH 3 F, CH 2 F 2 , and CHF 3 with these aluminium fluoride catalysts in C 6 D 6 in the presence of Et 3 SiH at room temperature at one atmosphere, vigorous reactions and the evolution of gaseous products were observed (Fig. 15) . In all these cases, formation of fully hydrogenated methane was observed for the first time under heterogeneous conditions, at low temperature and in absence of a precious metal catalyst. While the adsorption of carbon monoxide shows medium to weak Lewis acid sites due to coordinatively unsaturated magnesium, we explored the basicity of surface fluorine atoms by pyrrole adsorption for the first time. 38 The exciting catalytic properties of nanoscale MgF 2 have been recently reviewed in 39 .
By combination of two or even more metals, ternary, quaternary or even more complex metal fluorides can be obtained which allow to adjust the optimized surface Lewis acidity over a very wide range. 
The remaining OR-groups can be reacted with water in the second step resulting in the formation of hydroxide fluorides (eq. 12).
This way, metal hydroxide fluorides are accessible in which the metal site is coordinated by both anions, hydroxide and fluoride, thus presenting real hydroxide fluorides which are almost in-accessible via any other synthesis route. 40 By varying the F to OH ratio, the whole series of M(OH) x F n-x from M(OH) n to MF n can be synthesized. As a result the Lewis to Brønsted acid site ratio of these materials can be tuned over a wide range resulting in optimized solid catalysed being of high interest for any kind of acid-base catalysed reactions. In the past years, the wet-chemical synthesis of rare-earth-doped calcium fluoride, by precipitation methods has been reported by several groups. 43 Feldmann et al.
showed the stabilising effect of diethylene glycol on the formation of the nanoparticles that might be used in bio-analytical applications. Figure 16 . Incorporation of the lanthanide metal ions in the CaF 2 host structure can be followed both by EDX analysis and changing lattice parameters in XRD. Under illumination with 366 nm radiation, the sols appear in the characteristic colours ( Fig. 16 b . 52 Yet, the broad application is limited to small substrates, low deposition rate and due to the formation of highly toxic and corrosive HF and other fluorine species. The sol-gel method has proven a much more elegant way to the preparation of thin defined films with high homogeneity. 33, 53 Figure 18 shows the refractive index of a film deposited on a silicon wafer by spin-coating of a An image is shown above the glass and the mirror (left) or non-mirror (right) effect of each area while taking a picture from above can be seen.
As the MgF 2 sols derived from the methoxide in methanol as solvent are not stable over longer time when exposed to air and tend to gelation, we recently reported about MgCl 2 as precursor in ethanol as solvent. Thereby, the handling of toxic methanol in larger amounts and the necessity for operation under inert conditions is circumvented. 33 Compared to the methanolic sol-gel synthesis, the addition of HF to the solution of magnesium chloride directly leads to the formation of nanocrystalline MgF 2 with slightly increased crystallite and also particle size. Refluxing the sol leads to further crystallisation which is directly visible in the SEM cross-section images of the film (Fig. 20) . With a minimum reflectance of 0.2% at 600 nm the films show excellent antireflective properties which are, due to the porosity much better than for bulk MgF 2 . The films exhibit superior mechanical stability as proven by the crockmeter test applying steel wool pads. Of course, limitations in application may arise from chemical resistivity (hydrolysis) depending on the metal used. However, since this fluorolytic sol gel synthesis can principally be applied for most of the metals, there are many options to select appropriate metal fluorides that fulfil both requirements, being temperature stable but also hydrolysis resistant.
